ince the photosynthetic apparatus of plants contains a massive amount of nitrogen, the regulation of its development by sugar signals is important to the maintenance of the carbon-nitrogen balance. Recently, we isolated a new Arabidopsis mutant, sicy (sugar-inducible cotyledon yellow)-192, whose cotyledons were prevented from greening by treatment with sucrose. On treatment with sucrose, the expression of photosynthesis-and nitrogen assimilation-related genes was respectively weaker and stronger in the mutant seedlings than the wild-type seedlings. In the mutants, the gene encoding plastidic alkaline/neutral (A/N) invertase (INV-E) was point-mutated at codon 294, with Tyr substituted for Cys (C294Y). These findings provide new insights into the regulation of greening and carbon-nitrogen balance by sugar metabolism through INV-E in plastids. In this addendum, we describe the phenotypes of sicy-192 on treatment with sucrose in more detail, and propose a possible relationship among sugar metabolism through INV-E, plastid-tonucleus retrograde signaling, and ethylene, a plant hormone, in the regulation of plant development and metabolism.
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The photosynthetic apparatus contains a massive amount of nitrogen and so its development closely depends on the distribution of nitrogen in plants. The system for regulating the distribution of nitrogen via sugar signaling appears to be important for the adjustment of primary metabolism to ensure growth, survival and completion of the life cycle in plants. Therefore, the New insights into the regulation of greening and carbon-nitrogen balance by sugar metabolism through a plastidic invertase 1 On treatment with sucrose, the expression of photosynthesis-related genes was weaker in the mutant than wild-type seedlings, while the activity of nitrate reductase was stronger in the mutant. In the sicy-192 plants, the gene encoding plastidic alkaline/neutral (A/N) invertase (INV-E) was point-mutated at codon 294, with Tyr substituted for Cys (C294Y), but a recombinant INV-E:C294Y protein had the same enzymatic activity and substrate specificity as a recombinant INV-E protein. Interestingly, sicy-192 is a recessive but gain-of-function mutant and the protein level and activity, but not the transcript level, of INV-E were increased in the mutant, suggesting that the point mutation enhances the stability of INV-E. These findings provide new insights into the regulation of greening and carbonnitrogen balance by sugar metabolism through INV-E in plastids. 1 In this addendum, we describe the effects of treatment with sucrose and plant hormones on the greening of sicy-192 mutants in detail, and discuss how INV-E is involved in the regulation of plant development and metabolism.
One interesting feature of sicy-192 was that the greening was inhibited only in early seedlings in the Murashige & Skoog (MS) medium with sucrose (Suc + medium). As (sco1-1), a weak allele of sco1, exhibited greening inhibition as young seedlings, while the null mutants of sco1 died in the embryonic stage. 4,5 SCO1 encodes a plastidic elongation factor G (EF-G), and is involved in the translation of photosynthesis-related genes encoded in the plastid genome. The phenotypes of these mutants are similar to those of sicy-192 mutants, except that the greening inhibition in sicy-192 mutants occurred only on treatment with sugars. AtSIG6 and SCO1 are involved in plastid gene expression (PGE), suggesting that normal PGE is essential for greening among early seedlings and thus a component of the plastid-to-nucleus retrograde signaling (plastid signaling) pathway. [6] [7] [8] [9] When PGE is prevented by an inhibitor, such as lincomycin, the expression of photosynthesis-related genes encoded by the nuclear genome is suppressed by plastid signaling. In the sicy-192 were transferred to the Suc -medium, the greening of cotyledons was not inhibited (Fig. 1C) . Moreover, when 1-dayold mutants grown in the Suc -medium were transferred to the Suc + medium, the greening was not inhibited (Fig. 1C) . These findings suggest that a mutation of sicy-192 inhibits greening at a very early stage, and that continuous treatment with sucrose is required for the phenotypes of sicy-192.
Until recently, several mutants whose greening was inhibited at an early stage had been isolated. Arabidopsis mutants lacking sigma factor 6 (AtSIG6) exhibited a cotyledon-specific pale green phenotype.
2,3 A nuclear-encoded AtSIG6 is thought to be a major general sigma factor, a subunit of the plastidic RNA polymerase, essential for transcription of photosynthesis-related genes encoded by the plastid genome. 2, 3 Moreover, plants with snowy cotyledon1-1 shown in Figure 2 , 2-week-old sicy-192 plants were phenotypically similar to wildtype plants in the Suc + medium. To investigate this in more detail, the plants were grown in the Suc + medium in the dark for 5 days, and the timing of the greening of the etiolated cotyledons was checked. One day after illumination, the cotyledons of wild-type plants turned green, while the cotyledons of sicy-192 plants were still yellow (Fig. 1A) . Some 30 to 50% of the sicy-192 cotyledons turned slightly green 2 or 3 days after illumination. De-etiolation of almost all the cotyledons of sicy-192 was observed at 5 days. The chlorophyll content of the cotyledons of wild-type and sicy-192 plants reflected the phenotypes of these plants (Fig. 1B) . Next, we investigated the short-term effect of sucrose treatment on the greening inhibition in the sicy-192 mutant. When 1-day-old sicy-192 seedlings grown in the Suc + medium INV-E promotes plastid and/or ethylene signaling to regulate both greening and the carbon-nitrogen balance.
mutants, the expression of rbcL (the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase) encoded by the plastid genome as well as enzymes related to photosynthesis encoded by the nuclear genome were suppressed in the Suc + medium. 1 Therefore, previous reports and our findings suggest that sugar metabolism through INV-E in plastids is associated with PGE and plastid signaling.
Plant hormones such as abscisic acid (ABA) and ethylene are associated with sugar signaling. 10, 11 Additionally, ABA may be involved in plastid signaling. 6, 7 Therefore, we studied the effects of such hormones on the greening inhibition in the sucrose-treated sicy-192 mutants. However, ABA had no effect on the greening of sicy-192 mutants grown in the Suc + medium (data not shown). Moreover, the sicy-192 and abi4 (abscisic acid insensitive 4) double mutants, in which the transcription factor ABI4 involved in ABA signaling as well as sugar and plastid signaling is disrupted, 6 showed the same sugar-sensitivity as the sicy-192 mutants, 1 indicating that the greening inhibition in sicy-192 mutants was ABA-independent. Interestingly, co-treatment with sucrose and 1-amino cyclopropane-1-carbonic acid (ACC), a precursor of ethylene, markedly enhanced the greening inhibition in sicy-192 mutants compared to sucrose alone (Fig. 2) , suggesting the sugar signaling derived from plastids was related to ethylene signaling in sicy-192 mutants to regulate greening and carbon-nitrogen balance.
At present, we cannot explain how the sugar metabolism in plastids is associated with greening and the carbon-nitrogen balance in the sicy-192 mutants. However, it seems that sugar metabolism through 
